All antibody-forming tissues contain a varied population of cells of different types and in various stages of differentiation, obviously engaged in a variety of different tasks. Plasma cells, the chief formers of circulating antibody (1-3), constitute a minority of the population. The results of biochemical studies on antibody synthesis will thus frequently be influenced by the behavior of the more numerous cells, not directly involved in antibody synthesis. Several techniques are now available for studying antibody formation by single cells in vitro (2-5), and we now report a technique whereby such single antibodyforming cells can be studied biochemically using autoradiography. A high rate of desoxyribonucleic acid (DNA) synthesis in the over-all cell population of immunized lymph nodes has been reported (6). The present studies deal with DNA synthesis by individual antibody-forming cells and the age of antibodyforming cells at the height of a secondary response to purified Salmonella flagellin.
Except where stated, the techniques used were identical with those described in the accompanying paper (7) . DNA synthesis in these studies is defined as the uptake of Ha-thymidine into the nucleus.
Antigen.--Flagellin, the protein purified from flagella, has been shown to cause the production of a higher proportion (though perhaps a lower absolute number) of detectably active plasma cells, than the flagella from which it was derived (8) . In these experiments, rats were primarily immunized with an injection of 25/zg of Salmonella adelaide (SW 1338, XKXV, fg) flageUin into each hind foot-pad; 4 to 12 weeks later, each rat was secondarily immunized with a similar pair of injections, and killed 2 to 7 days later. * Supported by research grant E-2700 from the National Institutes of Health, Bethesda, Maryland.
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Detection of Antibody Production by Single Cdls.--Our techniques for the detection of single plasma cells forming antibodies against Salmonella H and O antigens have been fully described (2, 4, (7) (8) (9) . In summary, popliteal lymph nodes from immunized rats were teased apart with needles in a modified Eisen's medium (4), centrifuged once, and resuspended at a concentration of 105 to I0 ~ cells/ml. A de Fonbrune oil chamber was set up, containing many large droplets of clean medium for washing of single cells, many microdroplets (ca. 10 -6 ml) of medium, and a large depot drop containing thousands of lymph node cells. Ceils diagnosed as plasma cells were picked out of the depot drop by micromanipulation, washed, and deposited singly in a microdrop. The chamber with the isolated cells was transferred to a 37°C incubator for 3 hours. Then, about I0 motile bacteria from a culture of Salmonella derby, SW 721, I, IV, XII, fg, a strain sharing the H antigen with the immunogen, S. adelaide, were instilled into each microdrop. If anti-H antibody had been formed, the bacteria were quickly immobilized. To detect H adherence (4, 8) a further 50 or so bacteria of this strain were instilled.
Then, a small quantity of a serum from a rat hyperimmune against S. derby was pipetted into each microdrop, leading to total immobilization in all. Anti-O antibody was detected by one or bothof two methods. The quickest test was to instil 30 to 100 motile bacteriafrom a culture of Salmonella SW 1144, XXXV, a, which shares the O but not the H antigen with the S. addaide immunogen. Mter 10 minutes, some cells showed O adherence (4, 8) , namely the attachment of a number of highly motile bacteria, leading to actual movement of the cell around the microdrop. To prove that such cells actually released antibody, we used a more time-consuming test. No more than 30 highly motile SW 1144 bacteria, from a dilute (ca. 5 X 107 bacteria/ml) log phase culture were pipetted into each microdrop. The preparation was left at room temperature for 1 to 2 hours, and repeatedly surveyed over this time. In many of the droplets containing ceils positive for O adherence, one or both of two phenomena were observed: (a) after 15 to 45 minutes, or in very weak droplets even later, some of the bacteria began to adhere to each other, forming small highly motile clumps of bizarre shapes, quite different in appearance from the symmetrical, poorly motile clumps encountered in H agglutination. Usually some of the bacteria remained free, though occasionally all became incorporated into one of three or four clumps. O agglutinates tended to lose some motility and to become more tightly packed with the passage of time; O agglutination could be subjectively graded + to + + + , and never occurred in control droplets containing washing fluid but no cell; (b) in most droplets exhibiting O agglutination, and in a few others exhibiting O adherence but not O agglutination, some bacteria remained attached to each other after division, forming long motile chains, detectable already after 45 minutes, but much more noticeable after longer periods up to 2 hours. The reaction, a characteristic effect of anti-O antibody (9), could be graded + to + + + , and never occurred in control droplets.
Collection of Single Antibody-Forming Cells for Autoradiography.--To increase the number of antibody-forming cells on which autoradiography could conveniently be performed in 1 day, some cells were chosen on the basis of a positive O adherence phenomenon without full analysis of their antibody-forming potential. An oil chamber was prepared containing a drop of SW 1144 bacteria, large depot drops of lymph node cells, and many clean wash drops. A micropipette with a diameter of about 15/z was filled with SW 1144 bacteria, and a jet of bacteria was instilled into the edge of a depot cell drop. Within seconds, some of the bacteria swimming into the drop became adherent to the surface of certain plasma cells, causing the latter to move vigorously. These positive plasma cells could then be manipulated singly into clean washing droplets. A large number of positive cells could be collected in a short time. These, together with positive cells from microdrop experiments, were individually transferred to gelatin-coated slides, together with a minimal amount of the surrounding tissue culture medium. The tiny droplet thus formed dried promptly. Only about one in ten of these cells became dislodged during subsequent autoradiographic procedures. Sometimes the cell was adequately flattened on the glass as in ordinary smears; frequently it remained rounded with resulting poor cytological appearance. With practice, we learned to suck back a little fluid after depositing the cell, thus artificially flattening it against the glass. Occasionally, as in ordinary smears, the cell membrane ruptured during drying of the cell, leaving an amorphous smudge. This made histological classification impossible, but did not interfere with the detection of labeling in the subsequent autoradiographs. In view of the short path length of beta particles emitted by tritium (10), H3-DNA in the deepest part of a rounded nucleus would not have caused the formation of grains in the stripping film emulsion (11); rounded cells thus generally had lower grain counts than flattened cells. Preliminary experiments showed that conditions which gave unequivocal labeling (>10 grains/cell) in ordinary smears often yielded counts close to the background level of 0 to 2 grains/cell in rounded, individually transferred antibody-forming cells. Therefore, we tended to use larger isotope doses and longer exposure periods in these experiments than previously (7) . Under these conditions, positive cells had counts of 30 to 500 grains; very few antibody-forming cells with counts between the background and this lower limit were encountered. To avoid confusion, we wish to emphasize that the adjective "positive" generally means "antibody-forming" and "labeled" means "DNA-synthesizing" when applied to the cells tested.
RESULTS
The first experiment tested whether single cells positive for 0 adherence (4, 7) were capable of releasing detectable anti-O antibody into the medium surrounding them during 3 hours incubation in vitro (Table I ). Flagellin contained enough O antigen to ensure that 24 per cent of the plasma cells tested were positive for anti-O antibody. Of these 97 per cent gave O adherence, and 66 per cent released detectable antibody; over a third of the cells positive for O adherence failed to release detectable antibody. This situation is similar to the one obtaining for anti-H antibody production (4, 7) and confirms our view that O adherence is a valid and efficient method of detecting antibody-formlng cells.
Next, the capacity of antibody-forming ceils to synthesize DNA was tested. Rats were killed at various stages of a secondary immune response to flagellin; -~ Days a f t e r secondarki stimulation TExT-Fro. 2. DNA synthesis among antibody-forming cells.
1 hour before killing each had received 1 #c/gin of HS-thymidine, specific activity 360 ~c /~. Popliteal lymph node cell suspensions were prepared; one aliquot was used for preparing air-dried smears; another for setting up a microdrop experiment in the usual fashion; from a third aliquot, cells were "preselected" by O adherence as described and transferred singly to clean dry slides without further testing. After 3 hours of incubation, the microdrop preparations were tested for anti-H and anti-O antibody production, and cells positive for either (or rarely for both; 8, 12) were also transferred to clean dry slides. Autoradiographs of smears and single cells were prepared, and as no significant differences between preselected cells and fully tested cells emerged, the results (Table II , Text-figs. 1 and 2) were pooled.
In resting nodes, positive cells were rare, and even using preselection by O adherence it was difficult to collect significant numbers. None of nine positive cells was labeled. 2 days after secondary stimulation, positive cells were slightly more numerous, and fell into two groups; large cells, which were very frequently labeled, and small cells which were rarely or never labeled. As the cytological appearance of cells was sometimes distorted after multiple manipulations, testings, and autoradiographic procedures, we could not satisfactorily classify all positive cells. Enough were identifiable to show that of the labeled cells, most were plasmablasts whereas of the unlabeled cells, most were plasma cells, possibly present as the result of the primary response. Smears from the same nodes also showed that the number of plasmablasts had increased, and that 80 per cent of them were labeled (Fig. 1) .
Mature plasma cells were never labeled. From 3 to 5 days, the proportion of plasma cells found to be producing measurable antibody in microdrops rose considerably; at 5 days, over half the plasma cells tested were positive. The absolute number of plasma cells present in the node was also rising over this time. The differential cell counts showed changes similar to, but less intense than those described in the accompanying paper (7) when flagella were used as the immunogen. Between days 3 and 5 the proportion of H3-1abeled antibodyforming cells fell sharply. After day 5, fewer positive cells were found, and of these fewer were labeled; on day 7, no labeled positive cells were found. The curve showing labeling amongst all members of the plasma cell family (Text- fig. 1 ) is very similar to the curve showing labeling amongst single cells known to be antibody-formers (Text-fig. 2 ).
The final experiment was designed to study the age of plasma cells. Rats were all killed at the height of the cellular immune response, 111 hours after secondary stimulation, having received a single pulse of HS-thymidine (~ to 2 gc/gm; specific activity 1.9 mc/#~) at various times, from 1 to 48 hours before killing. Rats held for > 12 hours after HS-thymidine received 80 pmoles of I-II-thymidine 2 hours after the isotope. From each rat, ordinary lymph node cell smears, preselected anti-O cells, and fully tested cells were studied by autoradiography as above. The results (Table III, Text- fig. 3 ) showed that over half the plasma ceils tested formed antibody; in rats killed 1 to 4 hours after Ha-thymidine, very few labeled positive cells were found; correspondingly few labeled plasma cells were found in smears. As the interval between isotope injection and killing was increased, the proportion of labeled positive cells, and of labeled plasma cells in smears, increased. With a 30 hour interval, about half the positive cells were labeled; by 48 hours, virtually all positive cells were labeled.
In these experiments, the mean grain count of labeled blasts seen in the ordinary smears was also determined. The experiment was designed mainly to give qualitative information on the labeling of single antibody-forming cells, so the isotope dose used was rather large, as discussed above. As a result, labeling of blasts in the ordinary smears was too heavy, and the adjusted grain counts (Text- fig. 4 ) are less accurate than those reported in the accompanying paper. Again, as the interval between isotope and killing was increased, the mean grain count fell; and the rate of fall declined with increasing time. In the early history of an antibody-forming clone derived by antigenic stimulation from a given primitive lymphocyte (10), there is a stage where some members for a brief period simultaneously prepare for mitosis and perform the highly specialized task of antibody synthesis, as shown by the finding of labeled positive plasmablasts (Table II, Text-fig. 2 ). The great bulk of antibody production does not occur until after the 3rd day, and is the duty of mature plasma cells, which never synthesized DNA and thus presumably were incapable of further division over the period of observation.
The age of the plasma cell population present at the height of the secondary response was studied. In these experiments (Table III, Text- fig. 3 ) the rats were given H3-thymidine 63 to 110 hours after secondary antigenic stimulation, and were all killed at 111 hours. There was thus a gap of 1 to 48 hours between isotope and killing. A cell showed labeling if it or its ancestor had been synthesizing DNA at the time of HS-thymidine injection. As DNA synthesis normally indicates impending mitosis, labeling of a cell meant that mitosis was either just about to occur (with short time intervals between thymidine injection and killing) or had occurred at least once since HS-thymidine injection. Conversely, because our primitive cells seemed to be synthesizing DNA almost continuously (Text- fig. 1 ), absence of labeling indicates that the last mitosis of a cell line had taken place before, at, or very shortly after the time of HS-thymidine injection. As the curves for plasma cells seen in ordinary smears, and for single antibody-forming cells are almost perfectly concordant (Text- fig. 3 ), we can discuss these two categories together.
Extremely few labeled plasma cells were seen with an interval of 4 hours between isotope and killing, indicating that it takes 4 hours or more after the last mitosis of an immature member of the plasma cell family before the resulting cells assume the morphological characteristics of the fully differentiated plasma cell. With an interval of 12 hours, about 20 per cent of the plasma cells were labeled; exact interpretation of this finding is made difficult by the fact that cell division and differentiation were highly asynchronous on the 5th day of a secondary immune response. If we assume that all plasma cells behave in the same way, we must conclude that the time taken between the last division and the assumption of typical plasma cell morphology is between 4 and 12 hours. With an interval of 48 hours, nearly all plasma cells were labeled, but with an interval of 36 hours, about a quarter were unlabeled. With a 30 hour interval, half the cells were labeled. This reflects a heterogeneity of the age of mature plasma cells, but indicates that few plasma cells were older than 48 hours. Of course, on the 5th day, few would be expected to be older than 48 hours, because by the 3rd day, not many had yet been formed. The results show that a plasma cell can remain for up to 48 hours in the node without dividing, but do not tell us the maximum life span of the cells. From the differential cell counts, we know that the number of plasma cells present in the nodes falls sharply on the 6th day and thereafter. This may be due either to emigration from the node, or cell death. That some plasma cells c a n live longer without dividing is indicated by the fact that in resting and in unimmunized animals, we saw unlabeled plasma cells even 4 days after tritiated thymidine (7); they tended to have smaller nuclei and more deeply basophilic cytoplasm than did the majority of plasma cells arising during the secondary response.
The curve showing the adjusted mean grain counts of blasts (Text- fig. 4 ) deserves comment. If we make the (as yet untested) assumption that blasts, on the average, synthesize DNA at the same rate at all stages of the immune response, the curve gives a measure of the isotope dilution occurring during mitosis. It has the same general shape as that shown in the accompanying paper (7); isotope dilution appeared to be more rapid over the first 24 hours than subsequently. The rapid initial fall confirms that blasts are still proliferating rapidly on the 5th day, as is also shown by the fact that 90 per cent of all blasts can be labeled within 1 hour virtually throughout the whole of the immune response (Fig. 1) . The decline in the rate of fall with increasing intervals is presumably related to slight reutilization of label, a heterogeneity amongst the population, or a combination of these factors, as discussed in the accompanying paper (7) .
An oversimplified model of the development of a clone of antibody-forming cells, as revealed by the studies in both these papers, is presented in Text- fig.  5 . It is postulated that antigen induces a change in the proliferative pattern of certain large lymphocytes, causing them to divide every 8 to 12 hours and produce predominantly or solely primitive progeny for the first 2 days. A slight morphological change to the plasmablast form occurs over this interval, accompanied in some cases by the formation of small amounts of antibody. By the 3rd day, and progressively thereafter, the cells synthesize large quantities of antibody, and finally stop dividing. The proportion of progeny remaining primitive decreases as the proportion of active antibody-formers increases, and by the 4th and 5th day, comparatively few primitive cells remain. Some hundreds of plasma cells are postulated to be derived from 8 to 10 sequential mitotic divisions of the progenitor large lymphocyte. The final fate of the plasma cells is not clear. Mter the last division, they do not persist as such for more than a few days in the node under study, and there is no evidence to contradict the view that the majority of them do their task and die locally. On the other hand, they may, either as plasma cells, or as cells indistinguishable from small lymphocytes, emigrate from the node and thus be lost from view. Neither in unimmunized nor in immunized nodes did we ever see a mature plasma cell labeled within 1 hour of HS-thymidine injection. This seems to show that if mature plasma cells are capable of further division, they first have to assume a different morphology.
The function of immunological memory is then probably reassumed by large lymphocytes in the node, presumably the progeny of some of the primitive cells seen in Text- fig. 5 . It seems to take some time for this reactive population to be built up again. Sercarz and Coons (13) stimulus, there is a refractory period during which lymph node cells fail to respond to antigen. The over-all model proposed seems to be consistent with the studies of Leduc, Coons, and Connolly (1) employing the fluorescent antibody technique, and to differ in only minor respects from the formulation proposed by Schooley on the basis of autoradiographic studies on plasma cell proliferation in the mouse (14) .
The lack of DNA synthesis amongst mature antibody-forming cells is of importance to those interested in antibody formation in vitro. When cells from an immunized animal are placed into tissue culture, it is the general experience that antibody formation continues for some days or at most weeks, and then ceases (15) ; in general, it is impossible subsequently to restimulate the cells with antigen. Plasma cells appear to be incapable of further division even in the body; the chief problem facing us in attempting to produce continuing antibody formation in tissue culture is thus in understanding the factors leading to the maintenance of functional, sensitive primitive cells in the whole animal. In our limited experience (16) , it is the blast cells which die first when antibody-forming tissues are placed in tissue culture. Until this problem can be overcome, the prospects of producing an antibody-forming clone in vitro appear slight.
SUMMARY
The DNA-synthesizing capacity of single antibody-forming cells was tested by a combination of micromanipulatory and autoradiographic techniques. Rats were immunized with S. adelaide flagellin, a protein antigen known to contain significant contamination with somatic (O) antigen. Single cells from secondarily immunized rats were tested for production of anti-H and anti-O antibodies by previously described and newer techniques. Positive antibody producers were transferred onto clean dry slides by micromanipulation, and autoradiographs were performed. When rats had received tritiated thymidine 1 hour before killing, labeling of antibody-forming cells was taken to imply that the cell was preparing for further mitotic division. It was found that on the 2nd and 3rd day of a secondary response, many of the antibody-producing cells in the nodes (chiefly plasmablasts) were incorporating tritiated thymidine. At the height of the cellular response, however, at 4 and 5 days, the majority of active antibody producers (chiefly mature plasma cells) were incapable of DNA synthesis. There appeared to be an inverse relationship between the antibodyforming and DNA-synthesizing capacities of the cell population under study; as more of the cells studied formed detectable antibody, fewer of them incorporated the DNA precursor.
The age of plasma cells was also studied. Animals were killed at the height of the cellular immune response, having previously received an injection of trifiated thymidine 1 to 48 hours before killing; i.e., at 63 to 110 hours after their secondary stimulus. As the interval between isotope injection and killing increased, the proportion of antibody-forming cells showing labeling increased. With an interval of 30 hours, about half the antibody-forming cells were labeled and of 48 hours, over 95 per cent were labeled. This was taken as evidence that, few, if any, antibody-forming cells found at the height of a secondary response were more than 48 hours old.
On the basis of these experiments and those reported in the accompanying paper, a simplified scheme showing the development of an antibody-forming clone in the secondary response was proposed.
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